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Abstract—The Lincoln Sea floor evolved during stretching of a segment of the continental Greenland —Bar-
ents Sea shelf. Prior to the onset of extension, the continental shallow-water Morris Jesup Rise and the Yer-
mak Plateau were a single unit. During rifting, this single continental plateau broke apart, initiating propaga-
tion of the Gakkel mid-ocean ridge toward the Atlantic. The breakup continued for ~1.5 Ma, 35.3—33.7 Ma
ago. The emplacement of numerous mafic dikes during rifting could have caused the high-amplitude mag-
netic anomalies on the single plateau. For the first time, the fracture geometry involved in the breakup of the
continental crust has been reconstructed, the Euler poles and angle of rotation describing its kinematics have
been determined, and the paleobathymetry on the flanks of the fracture have been reconstructed.

DOI: 10.1134/S0001437019020152

INTRODUCTION

One of the most important directions in studying
the Arctic is clarifying problems on the paleogeody-
namics of the Arctic Ocean [18]. Questions of the ori-
gin and tectonic development of the Arctic Ocean are
debated in the literature to this day [2, 4, 9, 10, 12, 13,
16, 19, 26, 37, 51, 52, 61—63, 67, 70, etc.].

A particular role is played by studies of the Eurasian
Basin, which hosts the Arctic Ocean’s sole active Mid-
Arctic Ridge, the main link of which is known in the
literature as the Gakkel [7], Nansen [67, etc.], and
Nansen—Gakkel [48, etc.] mid-ocean ridge.

For brevity and convenience, in the present study,
we will refer to it as the Gakkel mid-ocean ridge or the
Mid-Arctic Ridge.

The Eurasian Basin also includes a number of
smaller basins and uplifts. The Nansen Basin is located
between the spreading axis of the Mid-Arctic Ridge and
the Eurasian shelf. The Sophia Basin is located between
the Yermak Plateau and Spitsbergen. The Amundsen
Basin (also known as the Fram Basin [48] and the Polar
Abyssal Plain [39]) lies between the Lomonosov Ridge
and the axis of the Mid-Arctic Ridge; this basin also
hosts the Earth’s North Pole. The Lincoln Sea Basin
lies between the Morris Jesup (also spelled Morris Jes-
sup [48]) Rise and the Lomonosov Ridge. The Mid-
Arctic Ridge separates the Morris Jesup Rise and the
Yermak Plateau (Fig. 1).

Geological and geophysical study of the near-
Greenland region of the Eurasian Basin, including the
areas of the Amundsen Basin, the Morris Jesup Rise,

the Lincoln Sea Basin, and contiguous areas of the
Lomonosov Ridge, plays an important role in recon-
structing the initial stage of the Eurasian Basin’s for-
mation. Studies by the international scientific com-
munity in the last 50 years has made it possible to
obtain information on the morphology of the seafloor
relief, the sedimentary cover, the crustal structure,
and anomalous potential fields of the Lincoln Sea
Basin and its contiguous areas. In addition, it should
be noted that the ice cover of the Arctic Ocean,
including the area near Greenland, hinders the collec-
tion of data on the geological structure of its seafloor.
There is still doubt that the geological samples recov-
ered by research vessels may be the products of ice
drift. The ice conditions extremely limit the possibili-
ties of obtaining deep-water drilling data. Therefore,
comprehensive analysis of the available geological and
geophysical data may answer a number of questions on
the stages of its geological development, which is the
aim of the present study. Note that this paper uses the
most updated version of the geochronological scale
[36] developed in [15].

SEAFLOOR MORPHOLOGY
AND DEEP-WATER DRILLING DATA

The near-Greenland area of the Amundsen Basin in
the Eurasian Basin of the Arctic Ocean has no clearcut,
geographically substantiated boundaries. This study
considers it to be within the sector of 79°—90° N, 0°—
35° E. It was mentioned above that it hosts the Lincoln
Sea (its basin), which is a marginal sea of the Arctic
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Fig. 1. Bathymetry of near-Greenland part of Eurasian Basin after data of [21]. Isobaths in hundreds of meters. The positions of
endpoints of conjugate isobaths 1—2 of Morris Jesup Rise and 1'-2! of Yermak Plateau are shown; segments indicate lines of their

alignment.

Ocean near the coasts of the islands of Ellesmere and
Greenland. It occupies the northernmost position of
all the Arctic seas and lies fully north of 80° N. It is
bounded in the north by the conditional line between
Cape Columbia (Ellesmere Island) and Cape Morris
Jesup (Greenland); in the west and southwest, by the
coast of Ellesmere Island; in the south, by the line
between Cape Sheridan (Ellesmere Island) and Cape
Bryant (Greenland); and in the southeast and south,
by the Greenland coast. The seafloor depths (data of
[21]) in the near-Greenland region of the Amundsen
Basin exceed 3.5 km, whereas in the eastern Lincoln
Sea, they do not surpass 2.5 km and gradually decrease
to the west to 1 km or less. The mean width of the cen-
tral part of the Lincoln Sea Basin is close to 150 km.
The Morris Jesup Rise has mean surface depths of 1—
2 km and a width of up to 100 km.

In the polar region of the Lomonosov Ridge, the
2004 ACEX expedition drilled five boreholes (M0002A,
MO003A, M0004A, M0004B, and M0004C), which
exposed an Upper Cretaceous —Holocene section of the
sedimentary sequence. Based on a study of cores from
boreholes M0002A (87°52.2" N, 139°19.1” E) and
MO0004A (87°52" N, 139°10" E) (Fig. 2a), a combined
section was compiled with a thickness of 428 m and four
lithostratigraphic complexes were identified, U1—-U4
[20, 55].

Palynological data provide evidence for a Campa-
nian age (~80 Ma ago) for the oldest U4 deposits
recovered by drilling [20]. The sediment material in
the boreholes is represented by [8, 14, 20] brown,
olive-colored, gray, and black silts, silty clays, and
clayey silts with colorful interlayers and lenses of sand.
The available microfossil data point to a subtropical
climate that existed at the end of the Paleocene —
beginning of the Eocene in the polar area of the pres-
ent-day Lomonosov Ridge with an average annual
surface-water temperature of ~20°C in the basin.

For the first time, the drilling results [8, 14, 20]
have yielded data on large-scale erosion in the polar
area of the Lomonosov Ridge, which spanned the
Maastrichtian—Early Paleocene, preceding Cenozoic
sediment accumulation. In the combined sequence of
the sedimentary cover on the Lomonosov Ridge, a hia-
tus was established at a depth of ~200 m within the sub-
complex Ul/6 (Middle Miocene—Middle Eocene),
indicating missing deposits from this age interval in the
stratigraphic sequence.

ANOMALOUS GRAVITY FIELD

The anomalous free-air gravity field [24, 25, 53,
54] is characterized by the presence of positive anom-
alies with an absolute value of up to 50—150 mgl,
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Fig. 2. Positions of deep-water drilling points (a) after data of [20, 55]; compilation scheme of sediment thickness (b) after data
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related to rises in the seafloor water area. Negative
anomalies with an absolute value of up to —80 mgl are
related to seafloor basins, well known in the literature.

The anomalous Bouguer gravity field was calcu-
lated from the IBACO seafloor relief database [21] and
free-air gravity values with an intermediate layer den-
sity of 2.85 g/cm? [54]. Its distribution is characterized
by the presence of positive anomalies with an absolute
value of up to 240 mgl, related to seafloor basins. Neg-
ative anomalies with an absolute value up to —70 mgl
are related to islands and continental shelves. Here,
the Morris Jesup Rise and the Yermak Plateau are
characterized mainly by a weakly anomalous field with
absolute values of gravity close to zero (sometimes
with local extrema of up to 50 mgl).

According to [56, 65, etc.], in the central part of the
Amundsen Basin, at depths of 4.1—4.2 km, for litho-
sphere with an age of 43—50 Ma, the heat flux values
range from 73 to 127 mW/m?, averaging 102 + 12 mW/m?
based on eight values. The obtained measurement data
point to an increased heat flux compared to its mean
oceanic values, which are close to 50 mW/m?. The lat-
ter may reflect the closeness of the studied areas of the
Amundsen Basin, which are separated by 100—200 km
from the present-day active spreading axis of the Mid-
Arctic Ridge in the Eurasian Basin of the Arctic
Ocean. The tectonic activity of the seafloor in the
near-Greenland region of the Amundsen Basin is also
manifested as part of its seismic activity. Shallow-
focus earthquakes with magnitudes of 4—5 s and
source depths not exceeding 25 km are known in the
Lincoln Sea (data of [1, 71].

STRUCTURE
OF THE UNCONSOLIDATED CRUST

In recent years, a certain number of studies have
been conducted in the studied area employing point
seismic sounding and continuous seismic profiling to
investigate the sedimentary sequence and underlying
layers of consolidated crust. The total length of the
seismic profiles exceeds 6000 km. The present work is
based on CDP materials along the drift lines of “North
Pole” stations: NP-21 (1973), NP-24 (1978—1980), as
well as on CDP profiles obtained by the R/V Polarstern
in 1991 and 1998 and CDP profile 20010300 obtained
by the Polarstern in 2001 [42—44]. These data have
been synthesized in many aspects in [8, 14, 50].

Seismic stratigraphic study of the upper part of the
crust on the Lomonosov Ridge has revealed sediments
of several seismic complexes, the numbering and
abbreviations of which differ based on the specifics of
the studies. Different styles of sediment identification
for the same areas have also been noted.

Thus, in [8, 43], along CDP profile 91090, the sed-
iment layers nearest the surface (LR, Lomonosov
Ridge) include [43] seismic complexes LR6 (0.08—
0.1 km thick), LR5 (0.12—0.15 km thick), and LR4
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(0.12 km thick). In [8], they are combined into the sin-
gle seismic complex LR7 with P-wave velocities of
1.8—2.0 km/s. The L3 layer beneath them (0.11—
0.15 km thick), with P-wave velocities of 2.2 km/s
[43], is denoted as seismic complex LR6 in [8]. Below
this lie seismic complexes LR5—LR4 [8], which com-
bine sediment erosion material. Beneath these [43] are
layers LR2 (0.55—0.83 km thick) and LR1 (0.84—
1.65 km thick), with P-wave velocities of 4.0—4.6 km/s
and 4.7 —5.2 km/s, respectively. They are combined
into seismic complex LR3—LR1 [8].

From this it is clear that the stratigraphic represen-
tation of sediments along the profile has no uniform
nomenclature. In addition, the available material has
made it possible to present a new map of the total
thickness of the sedimentary layer (Fig. 2b) that inte-
grates all available mapping (including profile) results
of studying the sedimentary cover of the Eurasian Basin
[8, 11, 14, 19, 29, 38, 41, 49, 50, 57, 59, 60, 65, etc.].
According to this new map, the sediment thickness near
the foot of the Gakkel Ridge is around 1 km or less. In
the polar area of the Amundsen Basin, it increases up to
3 km, whereas closer to the Lomonosov Ridge, it does
not exceed 2 km. The trend of isopachous lines mainly
follows the configuration of the basin. It is important
to note that in the area of the Lincoln Sea, the sedi-
ment thickness increases and south of 85° N it reaches
9—12 km.

STRUCTURE OF THE ACOUSTIC BASEMENT

The sole of the sedimentary layer in the near-
Greenland part of the Eurasian Basin is characterized
by an irregular relief with a relative amplitude of indi-
vidual forms of many hundreds of meters. Seismic
studies using reflected waves and wide-angle seismic
profiling indicate that the acoustic basement underly-
ing the sediments is characterized by the presence of
multiple faults, along which some of its blocks moved
relative to others (e.g., [38, 41, etc.). The basement is
highly compartmentalized [14, etc.] with a complex
internal structure [65, etc.] and reflectors, mainly in
the depth interval of 4—9 s (two-way travel time).

The available material make it possible to present a
new map of the total thickness of the crust (Fig. 2c)
that integrates all available mapping (including pro-
file) results of studying the continental and oceanic
crustal layers of the Eurasian Basin [3, 19, 38, 41, 45,
59, 65, etc.]. Analysis of this new map makes it possi-
ble to characterize the composition and geometry of
crustal layers.

In areas where continental crust has developed, the
reflectors pertaining to the granite layer have seismic
velocities close to 6.2 km/s. In areas where oceanic
crust has developed, the velocities at comparable
depths in the crust are close to 7 km/s and correspond
to the basalt layer. It was possible to obtain a complete
section of the crust at 5 seismic sounding points SB
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(30, 31, 39, 48, 50) [29, 54]. At these points, mantle
rocks have P-wave velocities of 8.2 km/s. In spreading
areas of oceanic crust, the sole of the crust lies at
depths close to 10 km, while in spreading areas of con-
tinental crust, the sole lies deeper than 30 km.

ANOMALOUS MAGNETIC FIELD

Aeromagnetic observations [26, 63, 67, etc.] have
made it possible to obtain fundamental information on
the distribution of magnetic anomalies in the near-
Greenland area of the Eurasian Basin. According to this
information, the Mid-Arctic Ridge, including the axial
spreading zone, is characterized by low-amplitude lin-
ear magnetic anomalies (Iess than 500 nT) with a wave-
length of up to 30 km. The axial magnetic anomaly
reaches 2000 nT only in the west of the ridge and
becomes significantly low in amplitude in almost all
other areas. Comparison of the observed and theoreti-
cal magnetic anomalies in the seafloor spreading model
has made it possible to identify linear magnetic anoma-
lies C1—C25, which are associated with spreading.

In [47], paleomagnetic anomalies were identified
for the ridge, the behavior of which differs from that
discussed in [7] by the absence of transform faults.
Note that study [46] recorded a high-amplitude shift
in the spreading axis in the vicinity of 60° E. The most
ancient anomaly has the number C24 [68], C24A, or
even C24B [66]. In addition, studies [ 16, 47] identified
areas with paleoanomaly C25. In the latter work, the
paleoanomalies themselves in the Nansen Basin were
traced to a large area in the direction of Spitsbergen.

Certain studies have observed the continental con-
tinuation of a number of linear magnetic anomalies.
Thus, the linear anomalies from the Nansen Basin
(e.g., a nameless paleoanomaly from [68] or anomaly
20 from [31]) cross to the eastern part of the Yermak
Plateau. Linear magnetic anomaly C13 in [39] and
C20 in [31] from the Amundsen Basin cross to the
Morris Jesup Rise.

The magnetic field in the Lincoln Sea has been
intensively studied in recent decades. In a number of
works (e.g., [35, 46]), elongated magnetic anomalies
have been distinguished on the continental slope and
shelf of the sea; other studies show that south of 85.5° N,
there are no paleomagnetic anomalies [16, 28, 31, 57,
62, etc.].

There are studies (e.g., [31, etc.]) that compare
the observed and theoretical anomalies in the sea-
floor spreading model for the magnetic field of the
basin north of 85.5° N. Based on the comparison,
polarity chrons C18y—C24Bo have been identified,
and in [16, 22], even C250.

Similar studies that model paleomagnetic anoma-
lies southeast of the Morris Jesup Rise have made it
possible to identify paleoanomalies C1—C13. How-
ever, e.g., near the southeastern foot of the Morris
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Jesup Rise, linear magnetic anomaly C13 from [62,
68] coincides with paleoanomalies C7 from [39].

All of the above indicates a lack of consistency in
identifying linear magnetic anomalies and the polarity
chrons responsible for them.

Therefore, it should be noted that the electronic
database compiled by the authors of this article con-
tains data on an aeromagnetic survey in 1998—1999
carried out by the United States Naval Research Lab-
oratory (NRL) for the western half of the Eurasian
Basin, which were published in 2003 [22]. The authors
employed the survey results of the LOMGRAV-09
project published in [27], as well as the results of stud-
ies under the NOGRAM-99, NOGRAM 99-HELI,
and NOGRAMOO0 programs. These surveys were car-
ried out at an average flight altitude of 600 m.

Analysis of the data from these surveys along spe-
cific observational profiles does not confirm the pres-
ence of magnetic anomalies stretching tens of kilome-
ters in the Lincoln Sea south of 85.5° N, nor does it
allow us to reliably identify any linear magnetic anom-
alies associated with spreading in the Lincoln Sea or in
the area of the Morris Jesup Rise. This, together with
the results of seismic and gravimetric studies men-
tioned above, points to the continental nature of the
lithosphere of the Morris Jesup Rise and Lincoln Sea
south of 85° N.

Figure 3 shows the magnetic chronology of the sea-
floor of the near-Greenland area of the Eurasian
Basin, as well as observed and theoretical magnetic
anomalies in the inversion magnetoactive layer. In
addition to the chrons known in the literature, the dia-
gram in Fig. 3 includes the results of their refinement
and partial reinterpretation in the region west of the
Morris Jesup Rise.

Calculations of the spreading rates indicate that in
the chron interval C25p—Cl130, seafloor spreading
proceeded at rates of ~0.85—1.5 cm/yr. In the chron
interval younger than C13y, they decreased and the
rate of opening does not exceed 0.8 cm/yr with an
overall decrease in the spreading rates to the east.
These circumstances hinder the reliable identification
of specific paleoanomalies (their magnitude seldom
exceeds 50—100 nT) and requires the identification of
trains of chrons and their related paleomagnetic
anomalies (e.g., C4—C5; C17—CI18; etc.).

Analysis of paleomagnetic anomalies indicates that
chronl12o is the closest to the eastern slope of the Mor-
ris Jesup rise from the Amundsen Basin side.
Chronl5y approaches the northernmost cape of the
rise (in both cases, the data of [22] were used).

DISCUSSION

The comprehensive interpretation of the geological
and geophysical data indicates that the Morris Jesup
Rise and the Yermak Plateau are a fragment that
detached from the Eurasian continent during the for-
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from data of [16, 22, 27, 29] using geological scale from [36].

mation of the Eurasian Basin [30, 33, 34, 42]. This was
most likely preceded by significant stretching of the
continental crust in the junction area of Spitsbergen
and the Morris Jesup—Yermak plateau. In this context,
the existence of spreading-related linear magnetic
anomalies on the continental Morris Jesup—Yermak
plateau seems impossible. Therefore, we were forced to

refute the identification of paleomagnetic anomalies
within their margins presented, e.g., in [31, 67, 68, etc.].

Analysis of these data along the observational pro-
files from [22], as well as the profile from [27], does
not allow us, following [22], to reliably identify any
linear magnetic anomalies in the Lincoln Sea. These
are our grounds for suggesting the first reconstruction
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of the fracturing involved in the breakup of the once
unified Morris Jesup—Yermak continental plateau.

CALCULATION OF THE SPLITTING
PARAMETERS

In the present work, the Bullard technique [23] is
applied for the first time to align the continental slopes
of the Yermak Plateau and the Morris Jesup Rise in
the Eurasian Basin of the Arctic Ocean. Numerous
tests for the compatibility of different areas of different
and same-named isobaths have shown that the most
suitable for the purposes of paleodgeodynamic analy-
sis were isobath areas in the range of 1.9—2.2 km. The
slope in this depth interval is the steepest (the mean
angle of inclination of the slope surface exceeds 7°)
and, based on the data of [5] on the character of sub-
sidence of the sediment sequence, it has the smallest
sediment thickness (or is even completely devoid of
sediment).

The Euler poles and angles of rotation were calcu-
lated with original software of the Laboratory of Geo-
physics and Tectonics of the Floor of the World
Ocean, Shirshov Institute of Oceanology (I0 RAS),
incorporated into the Global Mapper program [17],
the calculation principles of which are explained in
[6]. For brevity, we call the isobath areas of opposite
slopes conjugate.

If the breakup of the once unified Morris Jesup—
Yermak massif, in accordance with the Wernicke
scheme [69], is related to slipping of the Morris Jesup
block of continental crust along the periphery of the
Yermak, then the numerous tests for the compatibility
of different areas of different and same-named iso-
baths have shown that the most suitable for paleod-
geodynamic analysis were isobath areas in the range of
1.8—2.3 km.

According to the calculated estimates, for a Euler
pole of finite rotation at a point with coordinates
73.36° N, 23.56° W, it is possible over an extent of
more than 130 km to obtain (Fig. 4) quite good align-
ment of the 2.0 km isobath of the Yermak slope (the
area between points 1 —2 in Fig. 1) and the 2.1 km iso-
bath of the Morris Jesup slope (the area between
points 1'=2"in Fig. 1). The angle of rotation was 8.1° £
0.8°. Here, the standard deviation at the calculated
alignment points was =7 km (seven alignment points).

Thus, as a result of these calculations, we recon-
structed the axis of the splitting zone of the once
joined Morris Jesup—Yermak continental plateau
(thick line in Fig. 5). An important element in the
reconstruction is identification of differences of hun-
dreds of meters in the depths of the aligned isobaths.
Based on this reconstruction, by introducing correc-
tions for slipping of the above-mentioned fragments,
we can reconstruct the primary paleobathymetry of
the seafloor before the splitting of these sliding frag-
ments (Fig. 6).
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Fig. 4. Alignment of conjugate segments of isobaths of
Morris Jesup Rise (2.1 km isobath, dotted line) and Yer-
mak Plateau (2.0 km isobath, solid line). Points 1—2 are
same as in Fig. 1.

It is clear from these figures that the initially
peripheral areas of the Morris Jesup plateau rose above
the main surface of the Yermak shelf by no more than
a hundred meters.

Our parameters for the opening presented above
make it possible to reconstruct the geometry of split-
ting between the Morris Jesup Rise and the Yermak
Plateau, but they bear no information on the time
thereof. Meanwhile, the data in Fig. 4 indicate that the
oldest chron near the foot of the Morris Jesup Rise
from the Yermak Plateau side has been dated as C120.
The chron at the foot of the Yermak Plateau also is
known to be similarly dated [16, 22]. At the same time,
chron C150 has been observed in immediate proximity
to the northernmost submarine cape of the Morris
Jesup Rise. This suggests that breakup of the continen-
tal crust along our reconstructed splitting occurred in
the chron interval C150—C13y (35.294—33.705 Ma
ago), and regular spreading commenced in the chron
interval C120—C13y (33.705—33.157 Ma ago) and has
continued to the present. The Euler poles describing
the regular spreading are concentrated in the range
63°—73° N, 129°—145° E (data of [4, 32, 58, 64, etc.]).
Therefore, the breakup process of the once joined Mor-
ris Jessup—Yermak plateau continued for ~1.5 Ma,
35.3—33.7 Ma ago.

CONCLUSIONS

Thus, as a result of our research, we found that the
lithosphere of the Lincoln Sea formed during stretch-
ing of the continental Greenland —Barents Sea shelf.
Prior to stretching, the continental shallow-water
Morris Jesup Rise and the Yermak Plateau were a sin-
gle unit. During rifting of the shelf, this single conti-
nental plateau broke apart, initiating propagation of
the Gakkel mid-ocean ridge south toward the Atlantic.
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Fig. 5. Paleogeodynamic reconstruction of closing of opposite slopes of Morris Jesup Rise and Yermak Plateau based on conju-
gate isobaths and reconstructed paleobathymetry. Axis of splitting is shown (segment of thick curved line). Points 1—2 are same

asin Fig. 1.
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Fig. 6. Paleobathymetry profile along lines Al-Ain Fig. 5
before breakup of unified Morris Jesup—Yermak continen-
tal plateau.

The breakup process continued for ~1.5 Ma, 35.3—
33.7 Ma ago. The emplacement of numerous mafic
dikes in the rifting process could have caused the high-
amplitude magnetic anomalies on the single plateau.
For the first time, the fracture geometry involved in
the breakup of the continental crust has been recon-
structed, the Euler poles and angles of rotation
describing its kinematics have been determined, and
the paleobathymetry on the flanks of the fracture have
been reconstructed.
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